Abstract: In this paper detailed theoretical study and experimental results concerning acoustic surface and undersurface propagation modes in multilayered Co/Cu superlattices are provided. The theoretical approach was adopted from that of Adler and Farnel. Experimental results were obtained in Brillouin light-scattering measurements. The Sezawa and Love acoustic modes were observed as a result of boundary conditions at the interface between hexagonal and cubic structures.
Introduction
Thin samples as bilayers or multilayered structures reveal a whole range of interesting physical phenomena that can be analyzed through phonons or magnons spectroscopy [1, 2, 3] . Especially, acoustic phonons frequencies are, from natural reasons, sensitive to elastic anisotropies associated with di®erent crystallographic symmetries of di®erent elementary layers, creating a multilayered structure [4, 5, 6] . In superlattices grown epitaxially in a very high vacuum { a method of sample preparation known as the Molecular Beam Epitaxy (MBE) { one can control crystallographic order with almost atomic resolution [7, 8, 9, 10, 11, 12] . From that fact results a possibility of arbitrary in-plane surface and undersurface anisotropies creation. Then, it is possible to test structures nondestructively using light scattering from a surface. Especially, acoustic excitations can be detected by the Brillouin light scattering method (BLS), which utilizes single-phonon/single photon, non-elastic interaction. This penetrates a region about 300nm deep in the visible range of wavelengths [13, 14, 15, 16] . In general, there exist two main mechanisms of light scattering in nontransparent samples, a ripple mechanism and elasto-optic scatterings. By a proper choice of light polarizations, pure surface acoustic excitations or mixed modes, which result from both surface and subsurface interactions, can be observed. The ripple mechanism, the surface phenomenon, is, however, a sum of pure surface e®ects and bulk subsurface interactions. The in°uence of elasto-optic scatterings, as they are fully bulk-originated, depends on the depth of light penetration.
Nowadays, the Brillouin light-scattering technique is widely applied in quality tests of thin, hard¯lms in order to measure sti®ness parameters and to derive dispersion relations for acoustic-wave phase velocities. For example, in the recent works by Wittkowski et al. [17, 18, 19, 20] , such layers as hard carbon, boron nitride, indium tin oxide, and nanoporous¯lms of lowdielectric constant were studied. In the nanoporous, methylsilsesquioxane (MSSQ)¯lm, the variation of the Young's modulus as a function of porosity was determined, and the ripples, along with elasto-optic contributions, were analyzed.
Reported here are experimental and theoretical e®orts that concern a multilayered, metallic superlattice built from the elementary, hexagonal-cubic, bi-layered Co-Cu sets. This special type of crystallographic symmetry in°uences acoustic-wave propagation conditions in a very speci¯c way. In wave-like language we can talk about surface Rayleigh waves and higher-order Rayleigh waves (so-called Sezawa modes [21] ) and about in-plane polarized Love waves [22, 23] . All these waves were observed in experiments. The hexagonal-cubic structure mixes Sezawa with Love modes, which means, in experimental practice, that for some conditions, a Sezawa mode can be polarized almost horizontally, a characteristic feature of a Love mode.
During BLS experiments, frequencies of acoustic waves were measured directly. The results were obtained for s-s and p-p states of incident-scattered light polarizations. This approach enabled observation of waves having di®erent types of acoustic polarizations. De¯nitions of the polarization states are provided in the section describing experimental results.
2 Theoretical description of acoustic excitations in a hexagonalcubic layered structure
A bi-layered structure we created from two constituents of di®erent crystallographic symmetries can alternatively result in two types of materials: a new crystallographic order of a structure as a whole, or both single materials keeping the same symmetries that existed before coupling. Assumed here is the latter case, a perfect mismatch at an interface between the hexagonal Co and the Cu layers. From that, the dynamical spectrum of acoustic phonons can be derived using a set of appropriate boundary condition superimposed on the Co/Cu interface and on a top Cu layer. The current section is organized as follows. We will solve the acoustic wave equation of motion, providing information about acoustic-wave amplitudes and polarizations. First, a historical approach by Farnel and Adler will be given. Then, on this basis, a cubichexagonal problem for a layer-substrate set will be solved. The mathematical treatment of the analysis applies a matrix formalism. Especially, most steps in the derivations result from an eigensystem approach. Calculated eigenvalues and eigenvectors possess clear a physical interpretation associated with wave velocities and polarizations respectively. Keeping in mind this matrix approach, we will be able to recognize some minors in the matrix derived from the boundary condition superimposed on analyzed layer-substrate sets. The minors describe amplitudes of the Rayleigh, Sezawa, and Love modes mentioned previously.
Partial-wave approach for layered structures
Farnel and Adler [21] assumed twelve boundary conditions superimposed on a bilayered structure: nine related to elastic features and the rest describing electrical phenomena. The list of all boundary conditions is as follows: continuity of the transverse displacement at the interface, continuity of the transverse shear stress at the interface, vanishing of the transverse shear stress at the free surface, continuity of the normal component of the electrical displacement at the interface, continuity of the potential at the interface, continuity of the normal component of the electrical displacement at the free surface, continuity of the longitudinal displacement at the interface, continuity of the vertical displacement at the interface, continuity of the sagittal shear stress at the interface, continuity of the vertical compressional stress at the interface, vanishing of the sagittal shear stress at the free surface, and vanishing of the vertical compressional stress at the free surface.
Thus, for layered media, the assumed equation of wave motion, the so-called partial solution, has the following form:
where°is the polarization vector, k is the wave vector, h is the layer thickness, b is an amplitude parameter for wave motion, and ! is the wave frequency [21] . The shape of the above partial solution, and the approach in general, can be better understood if compared with a less complicated case related to acoustic wave propagation in a bulk crystal. The displacement in such circumstances is de¯ned as a superposition of the two partial solutions describing two waves propagating back and forward in a given direction:
The two bulk, partial solutions here result naturally from the two boundaries of a crystal volume in an arbitrary direction. The extra factor in Eq. (1), on the other hand, which includes layer parameters, takes into the account¯nite thickness of a structure, or in other words, a wave phase is in°uenced by a¯nite layer thickness. Thus, the general solution for a given crystal symmetry, for the problem of wave propagation in a thin layer, can be expressed as a linear combination of partial solutions for a layer and, separately and independently, as a linear combination of di®erent partial solutions for a substrate.
The number of elements in these series results from the number of boundary conditions imposed at the layer-substrate interface and the layer-free surface. It is in general more complicated than that given in Eq. (1a). It should be clearly stated here, however, that the general shape of a matrix derived from the equation of motions for the bulk and the layered cases is similar. We will concentrate now on this step in the calculation.
Before that, we restrict considerations to a speci¯c frame of reference. Let us assume that waves propagate in the x-direction, a sample surface is the (x ¡ y) plane, and normal to the plane is the z-axis. For convenience, a widely used term for a plane perpendicular to a sample surface is the sagittal plane.
Thus, the¯rst step in the calculation consists of the derivation of the so-called characteristic Q ik matrix [3, 24] . It can be calculated after substitution of Eq. (1) into the wave equation of motion, Newton's second law,
which connects the stress tensor T ij , the density of a medium ½, and the displacement u i caused by an acoustic-wave¯eld. The characteristic matrix for an arbitrary crystallographic system has the following shape:
c ijkl describes elastic constants, and the symbol Â j represents the unit wave vector of a wave propagation direction. In the case of layered structures, the expression for the characteristic matrix is in°uenced by the b-amplitude and can be clearly presented in a matrix form rather than a tensor formalism. For the cubic system, the characteristic equation can be written in the following form: 
and for the hexagonal system, it can be expressed as
It is convenient now to present the characteristic equations in a table form, to more easily recognize the orders of the equations with respect to b's amplitudes. Tab.1 and Tab.2 provide this information.
We now turn our attention to the simple, isotropic, symmetry case. We especially concentrate on both the X = ½v 2 expression, where v is the acoustic wave velocity, and on the b-amplitude derivations. The isotropic case is easily interpreted. This simple e®ort should be helpful for more complicated crystallographic systems analysis. Let us check three eigenvalues and three associated eigenvectors. The pairs are as follows:
Next, when solving a characteristic equation with respect to b-amplitudes, we obtain, in general, complex solutions: six complex values for a layer and six complex numbers for a substrate. This is very important for the proper analysis of experimental results. Let us look at formal solutions of the b¡ amplitudes in the isotropic case. The six roots are equal to
By substituting into Eqs. (9) the following bulk values for transverse-shear and longitudinal velocities, namely
and
respectively, one obtains twelve complex values of the partial-wave amplitudes. However, because the wave amplitudes { both those polarized in a sample surface and in a sagittal plane { should be dumped in a substrate su±ciently, we have to choose only solutions from a negative part of the complex plane for the substrate. Farnel and Adler [21] derived proper (from the physical point of view) solutions for the isotropic layer on an isotropic substrate, along with polarization vectors. The simple, physical meaning of the b¡ parameters is informative. If we compare solutions from Eqs. (8) with the X = ½v 2 expression, we can easily derive modi¯ed velocities of transverse and longitudinal acoustic waves, due to the transition from a bulk sample to a thin layer. The modi¯ed values are
Looking at these expressions, we easily recognize why wave speeds in layers can be slower in comparison to bulk velocities. Additionally, we can formulate the following postulate: for larger (imaginary) b-amplitudes the wave speed is slower.
Concluding this section, we can write speci¯c names for the partial solutions represented by the b-amplitudes and polarization vectors: the in-plane transverse motion in a layer (two b values) ( the Love modes), the in-plane transverse motion in a substrate (one b value) (the Love mode), the sagittal motion in a layer (four b values) (the Rayleigh and Sezawa modes), and the sagittal motion in a substrate (two b values) (the Rayleigh and Sezawa modes).
Acoustic wave spectrum in a cubic layer on a hexagonal substrate
Now we can ask a fundamental question: how to measure the b-amplitudes in a real experiment, and, consequently, what we measure directly in a Brillouin scattering experiment and what we can derive from that. The answer is not so short as the question is. Obviously, what we measure directly are frequencies of di®erent acoustic surface excitations. Then, we can easily calculate, on a base of scattering geometry, appropriate velocities. What we can do¯nally is a derivation of elastic constants of a layered structure. The fundamental issue, however, is that we deal now with thin layers built from some atomic monolayers. For example, in the case investigated in this article, the cubic Cu layer was grown on the Co hexagonal substrate. So then, the next question is what we consequently probe: the cubic structure, the hexagonal structure, or the e®ective cubic-hexagonal structure. The answers are provided both in theoretical e®orts, below, and in a section presenting experimental results.
We begin from eigenvalues, eigenvectors, and b-amplitudes for cubic and hexagonal systems. For the cubic system, representing here a top layer, the eigenvectors and associated eigenvalues are as follows [13] :
where the constants A and B are functions of some parameters
and where the (a; c; d) parameters are functions of the following elastic constants 
The b-amplitudes for the cubic system are equal to 
The b (1;2) values are associated with the X 1 eigenvalue and transverse motions, The b (3;4) values are associated with the X 2 eigenvalue and sagittal motions, and the b (5;6) values are associated with the X 3 eigenvalue and the sagittal motions (12) . Next, for the hexagonal system, representing here a substrate, the eigenvectors and associated eigenvalues are as follows:
where the constants C and D are the following functions of the (g; h; l) parameters
and where 
The b (8) value (a negative imaginary number) is associated with the X 1 eigenvalue and a transverse motion; the b (10) value (a negative imaginary number) is associated with the X 2 eigenvalue and a sagittal motion; and the b (12) value (a negative imaginary number)
is associated with the X 3 eigenvalue and a sagittal motion (17).
A Boundary condition matrix
Possessing all derived b-amplitudes and polarization vectors, we can use the above twelve boundary conditions for the cubic-hexagonal set. The conditions produce the G ik boundary conditions matrix. The matrix provides important information about all kinds of acoustic modes that propagate in a structure. Generally, G ik is a 12 £ 12 matrix. For sagittal type motions, however, to which the Rayleigh and Sezawa modes belong, it can be reduced to a 6 £6 dimension. For elastic phenomena it is reduced to a 9 £9 dimension. The other 3 dimensions inform us about electric potentials at an interface, and for our purposes are not important|we are restricted to nonpiezoelectric materials. As is usual for a linear algebra problem, the determinant for the G matrix should be equal to zero. The same can be said for the reduced 6 £ 6 and 9 £ 9 matrixes. The determinant is zero when elastic constants of the medium are treated as free parameters in their evaluation. We draw two conclusions from that result:¯rst, the boundary condition determinant expresses a function between the velocity of an acoustic wave, the elastic constants, and k ¢ h (the acoustic in-plane wave-vector component multiplied by a total layered structure thickness); and second, for a given k ¢ h, there are several values of the acoustic wave speeds. The lowest value characterizes a Rayleigh surface mode, the next larger values characterize higher order Rayleigh modes { the Sezawa modes.
In summary, the general solution of the acoustic wave propagating in a thin layer deposited on a semi-in¯nite substrate, for a given direction of propagation, is a superposition of the previously de¯ned partial solutions and can be expressed as follows:
where the n parameter goes from 1 to 8 for a layer or from 9 to 12 for a substrate, and where the C n factors are a new set of unknown parameters. In this step we can¯nd C n parameters from the following expression
The knowledge of these factors, however, is not so important for the main purposes of this article.
What follows now is the presentation of G-matrix elements for the cubic layer on a hexagonal substrate. The electrical part of the task is completely uncoupled from the mechanical part in the case of a nonpiezoelectric layer on a nonpiezoelectric substrate. The mechanical (9 £ 9) matrix determinant should be equal to zero. The general shape of the G-matrix is given in Fig. 1 . In the matrix, elements related to electrical features are shaded; also, zero values derived from boundary conditions are provided. Additionally, it is evident that sagittal components (Sezawa) are coupled to in-plane motions (Love). This is not the case, for example, for the cubic layer on a cubic substrate system (Fig. 2) due to zero values in columns 9, 1, and 2, and rows 1, 2, and 3. The order of columns and rows were adopted from Farnel and Adler [21] . The modes' mixing means, mathematically, that the G-matrix from Fig. 1 or Fig. 3 cannot be split into fewer-dimensional minors in the G-matrix determinant calculations.
In summary, the mechanical (9 £ 9) boundary conditions matrix is as follows: 2 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 4°(
: : :
11; 12 n = 1; 2; 5; 6; 7; 8 ;
where the (s) and (l) subscripts were added to describe a substrate and a layer, respectively. Equation (24) was written in a compact form. Nevertheless, we should remember the proper order of columns; compare it with Fig. 1 . With the results of equations (12) and (17) we can calculate some values of polarization vector components,°. We can write them as°( 
This is why the G-matrix, with electrical elements omitted, is given now¯nally in Fig. 3 .
Based on the considerations presented here, we can evaluate experimental results from Brillouin light scattering measurements (BLS). We derived here equations for wave amplitudes and polarizations. After analysis of isotropic, cubic, and hexagonal layersubstrate sets, we recognized the character of acoustic waves for the cubic-hexagonal special case. The most important conclusion is that Rayleigh and Sezawa modes can be mixed with the in-plane Love modes. In other words, we do not expect pure sagittal motions for the Rayleigh and Sezawa modes in the experiment, or we do not expect all Sezawa signals for a given scattering con¯guration.
Experimental results
Brillouin light scattering spectroscopy relies on the creation and annihilation processes of acoustic phonons by photons, in a single phonon interacting with a single photon. In a typical Brillouin experiment spectra, lines of decreased and increased frequency can be observed. Thus, a characteristic pattern includes weak Stokes (decreased frequency) and anti-Stokes (increased frequency) signals, and, in most cases, a very large Rayleigh elastic signal originating from scattering on impurities and material defects.
Current Brillouin light scattering measurements were carried out in a back-scattering geometry for di®erent laser powers, not exceeding 100mW, for s-s and p-p polarizations. The data accumulation time in the 512-channel analyzer varied from about 30 minutes to a few hours. The experiment was carried out at a stabilized room temperature using a single-mode argon-ion laser, manufactured by Coherent Inc., and a Sandercock-type 3-pass Brillouin spectrometer. In the back-scattering geometry, light is incident at a given angle to a surface normal, but the scattered signals are collected at the same direction and angle. Because of the nontransparency of a sample, natural dumping of light, a normal component of a light wave vector that penetrates the sample, is not well de¯ned. This is a source of measured signal broadening. Another uncertainty results from the nature of observed signals. Intensities of these optical signals are very low with respect to the intensity of a light incident on investigated samples, so an appropriate registration method must be applied. One of the most sensitive techniques for this task is singlephoton counting. Details of experiments and sources of experimental errors can be found in [13] .
For convenience, let us de¯ne a light polarization state. All can be described with respect to the sagittal plane (the plane of incidence), which is normal to a sample surface. When an electric-¯eld vector is normal to the plane of incidence, it is the (s) state. When an electric¯eld vector lies in the plane of incidence, it is the (p) state. The symbol (s-s) means that both the incident light and the scattered light are in the (s) state. The symbol (s-p) means that the incident light is in the (s) state and the scattered light is in the (p) state.
As was shown by Marvin et al. [25, 26] and Giovannini et al. [27] , the (s-s) and (p-p) states describe both pure surface and bulk (subsurface) contributions to a scattering crosssection. However, mixed con¯gurations, namely (s-p) and (p-s), describe only elasto-optic (bulk) contributions. This is a reason for the choice of the (s-s) and (p-p) con¯gurations in the current experiment. Rayleigh and Sezawa modes are sensitive to both surface and undersurface e®ects. Naturally, many Sezawa modes can propagate simultaneously inside the sample and, importantly, every mode can possess its own independent contribution from both mechanisms of scattering. First, however, for some crystallographic directions, sagittal phonons are decoupled from shear-horizontal phonons. Second, the Sezawa modes are basically polarized in the sagittal plane, but for some cases they can be polarized in a more general manner. Visibility or invisibility of some Sezawa modes result from this. Such a case was observed in the current experiment, where the second Sezawa mode was polarized in a sample plane.
The sample reported here was the metallic Co/Cu 60-layer superlattice, with the basic period equal to 1.8nm (Co-1nm/Cu-0.8nm) grown into the [111] crystallographic direction. On the registered spectrum (Fig. 4) , the second Sezawa mode (S 2 ) is practi-cally invisible. One reason for this is that the mode is mostly polarized in a horizontal plane. One possible explanation of this phenomenon is the relatively small thickness of the sample and, in consequence, the in°uence of the sample substrate. In the current measurement, light penetrated the sample su±ciently because of the small thickness (108nm). The Love modes are more di±cult to observe in nontransparent samples, due to the elasto-optic mechanism of their origin inside bulk regions of a sample, and due to their subsurface propagation. A con¯rmation of the substrate in°uence on the observed spectra is noticeable in surface Rayleigh frequencies. The frequencies possess di®erent values for the s-s and p-p con¯gurations, which suggests incomplete sagittal polarization of the Rayleigh mode.
One striking feature of the p-p result (Fig. 5) is a relatively large half-width of the S 2 line, which indicates a larger lifetime for the in-plane acoustic phonons trapped here in a quasi-two-dimensional structure. This is, in fact, a dimensional e®ect taking place in a thin-layered superlattice.
Similar experiments in Co/Cu superlattices were carried out by Carlotti et al. [28] . His samples were deposited on sapphire substrates by rf sputtering. They had polycrystalline structure with cubic fcc symmetry, for both Co and Cu elements, textured into the [111] crystallographic direction. The sample from our work was grown by Molecular Beam Epitaxy (MBE). For these reasons we conclude that the samples were not fully compatible. Carlotti obtained a hole spectrum of Sezawa modes with no evidence for a Love wave. The existence of the latter in our experiment con¯rms that we measured the hexagonal-cubic set rather than the cubic-cubic one.
Conclusions
Our theoretical and experimental results in the Co/Cu superlattice provide evidence for highly horizontally polarized Sezawa acoustic modes as a result of boundary conditions in the hexagonal-cubic structure and the possible in°uence of the sample substrate. Thanks to the p-p and s-s polarizations applied, it was possible to observe di®erent types of surface acoustic modes typical for layered structures. Our theoretical approach explained in detail the origin of the e®ect and can be adopted to elastic-constant evaluation. From a mathematical point of view, predicted and observed mixing of modes can be understood as follows: the boundary G-matrix we introduced cannot be split into fewer-dimensional matrices that describe Sezawa waves and Love waves separately.
Our results con¯rm good applicability of Brillouin spectroscopy for nondestructive treatment of nontransparent specimens featuring di®erent types of acoustic modes.
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